mediated by this enzyme. The activity of SAMDC has been shown to be rate-limiting in this pathway (Slocum,
Introduction
of ribulose-1,5-biphosphate carboxylase (RBCS ) and chalcone synthase (CHS) ( Thompson, 1991;  Terzaghi and S-adenosylmethionine decarboxylase (SAMDC ) is a key Cashmore, 1995) . Seedling responses to light are mediated enzyme involved in the biosynthesis of polyamines (PAs) .
by at least three classes of regulatory photoreceptors: The formation of spermidine (Spd) from putrescine (Put) and also the formation of spermine (Spm) from Spd are phytochromes which respond to red and far-red light, with various wavelengths of light, red light was provided by blue/UV-A photoreceptors that are specific for blue and red fluorescent lamps (FL40S-R-F; Panasonic) which emit light UV-A light, and UV-B photoreceptors (Deng, 1994;  between 610-710 nm, green light was provided by green Terzaghi and Cashmore, 1995; Arnim and Deng, 1996) . fluorescent lamps (FL40S-G-F; Panasonic) which emit light
The expression of most RBCS and CAB genes is regulated between 480-600 nm, blue light was provided by blue fluorescent lamps (FL40S-B-F; Panasonic) which emit light between 390-by phytochrome and this regulation is influenced by blue 540 nm, UV light was provided by blacklight-blue fluorescent light ( Wehmeyer et al., 1990; Dedonder et al., 1993;  lamps (FL40S-BL-B; Panasonic) which emit light between 300- Hamazato et al., 1997) . CHS expression is primarily 410 nm with a l max of 352 nm or far-red light (700-800 nm) under the control of phyA and blue/UV photoreceptors;
was obtained from 500 W reflector-spot bulbs Photoreflector the latter are functional even in the absence of phyA and lamps ( Toshiba, Tokyo, Japan) filtered with a 3 mm thick plate of Deraglass A-900 (Asahikasei, Tokyo, Japan) and a 10 cm phyB (Schäfer et al., 1997) . Both blue light photoreceptorwater layer. Photon flux density was measured by two radiation and phytochrome-mediated pathways are involved in the sensors (LI-190SB and LI-1800; Li-Cor, Ltd., Lincoln, NE, light regulation of the glyceraldehyde-3-phosphate dehy-USA).
drogenase (GAP) gene in Arabidopsis, with blue light acting as the dominant regulator (Dewdney et al., 1993) .
RNA extraction and Northern blot analysis
In the present study, the effects of red, far-red, green, described (Yoshida et al., 1998) . The blot was stripped with
The expression of many higher plant genes has been boiling for 5 min in 0.01% SDS and subsequently rehybridized with Pharbitis rDNA probe (D89869) as a control. For shown to be regulated by the circadian clock, including quantification, Northern blots were scanned with a Bio-imaging nitrate reductase (Deng et al., 1990; , Analyzer System BAS 1000 (Fuji Photo Film Co. Ltd., Tokyo, catalase (Boldt and Scandalios, 1995; Zhong and Japan) . The RNA loading was normalized to rRNA for McClung, 1996) , glycine-rich protein (Carpenter et al., each sample. 1994; Heintzen et al., 1994) , and genes that play a role
Estimates of mRNA half-life in photosynthesis such as RBCS Hwang and Herrin, 1994) and CAB (Hwang and The half-life of SAMDC mRNA was determined by RNA gel blot analysis using actinomycin D. After 45 min light exposure, Herrin, 1994; Millar and Kay, 1996) . In this report it is roots were cut from seedlings and the cut seedlings were shown that the transcription of the SAMDC gene is also incubated in 0.2 mM actinomycin D. The leaves were taken at regulated by a circadian clock. different times after the inhibitor treatment for RNA extraction. Total RNA was isolated and hybridized with SAMDC DNA and rDNA as described above. Northern blots were quantified
Materials and methods
by a Fuji BAS 1000 Bio-imaging Analyzer System. The relative abundance of SAMDC transcripts were normalized to the Plant material and growth condition amount of rRNA loaded per lane. Seeds of Pharbitis nil (strain Violet) treated with concentrated sulphuric acid as described in our previous study (Yoshida et al., 1998) were placed in the darkness for 16 h, and were then Pharbitis nil (Nakayama and Hashimoto, 1973) . The seedlings transferred to the light or kept in the dark. Total RNA were transferred to the 16 h darkness (21°C and 30-40% RH ) was isolated from leaves at different intervals after the prior to light exposure. For experiments with circadian rhythm, 16 h darkness, and the levels of mRNA were determined the seedlings were grown under a 16/8 h dark/light period by Northern blot analysis ( Fig. 1) . The level of the of SAMDC mRNA gradually decreased (Fig. 1b) . On the contrary, in the seedlings transferred to the light, the Light sources level of SAMDC mRNA increased rapidly up to 1 h after After incubation for 16 h in the dark, the seedlings were light exposure and then decreased to a very low level. (Fig. 1a) . This indicates that the rapid gene the expression of the SAMDC gene is also controlled under clock mechanism. 45 min after light exposure, and the cut seedlings were Light is needed to initiate a rapid increase in SAMDC incubated in actinomycin D. Figure 3A shows the mRNA. In addition, an examination is undertaken to SAMDC mRNA level at different times after actinomycin discover whether light also affects the decreases of D treatment, which was quantified by Fuji BAS 1000 SAMDC mRNA after peak accumulation. SAMDC Bio-imaging Analyzer. The half-life of SAMDC mRNA mRNA level in leaves of Pharbitis nil peaked at 45 min were estimated to be approximately 30 min ( Fig. 3B ). after light exposure ( Yoshida et al., 1998) 
. Seedlings of Pharbitis nil were given 45 min of light after 16 h darkness
Various wavelength light induction of SAMDC gene in leaves and then either left in the light or transferred to the dark.
of Pharbitis nil The leaves of the seedlings that were transferred to the dark were harvested 30, 90, 210, 330 or 450 min after
The wavelength dependence for light regulation of SAMDC mRNA was examined. Seedlings of Pharbitis nil 45 min of light exposure. The leaves of the seedlings that were kept in the light were harvested 0, 45, 75, 135, 255, grown under continuous light were given a dark treatment for 16 h, and were then exposed to equivalent fluences 375 or 495 min after lights-on, as control. Total RNA was extracted and the level of SAMDC mRNA was (60 mmol m−2 s−1) of blue, green, red or far-red light. The leaves of Pharbitis were harvested after different determined by Northern blot analysis (Fig. 2) . The mRNA for SAMDC in the dark after 45 min of light intervals of light exposure and total RNA was isolated from each leaf. The level of SAMDC mRNA was exposure was decreased slightly more rapidly than was that in the light after 45 min.
determined by Northern blot analysis (Fig. 4A ). After exposure of blue, green or red light, the level of SAMDC Turnover rate of SAMDC mRNA mRNA in the leaves increased rapidly, and peaked by 45 min, however, after far-red light exposure, it did not The half-life of SAMDC mRNA was estimated by using increase. Blue light was most effective in the induction of actinomycin D, which blocks the transcription, to assess SAMDC mRNA, followed by red light, with lowest mRNA stability. Seedlings of Pharbitis nil grown under effectiveness for green light. Figure 4B shows the comparcontinuous light were placed in 16 h darkness. The roots ison in the levels of mRNA at 45 min after exposure to of seedlings were cut in darkness, 10 min before light various wavelengths of light. UV light induced SAMDC exposure, and the cut seedlings were incubated in 0.2 mM gene expression to a somewhat lower level than did blue actinomycin D. After light exposure, no increase of light or red light. SAMDC mRNA was observed ( Fig. 3Aa) , indicating that actinomycin D is effective in this system and can Effects of light pulses on SAMDC gene expression in leaves completely block the transcription of SAMDC within of Pharbitis nil 10 min.
To determine the half-life of SAMDC mRNA, the roots The effects of blue and red light pulses on the expression of the SAMDC gene were investigated to identify the of seedlings were cut at the peak of mRNA induction, was isolated and analyzed as described in (A). seedlings grown under continuous light were given 16 h darkness. After the dark adaptation, seedlings were exposed to 45 min of light to allow peak induction of SAMDC mRNA, and then the roots of seedlings were cut. The cut seedlings were incubated in 0.2 mM actinomycin D in the light. RNA was isolated from leaves at the intervals indicated after inhibitor treatment, and was subjected to Northern blot analysis with 30 mg of total RNA in each lane. rRNA was used as a control for the loading of RNA. (B) The bands of SAMDC mRNA (A(b)) were quantified with a Bio-imaging Analyzer, and were normalized by rRNA. The mRNA abundance was expressed relative to the time-zero point.
photoreceptor(s) involved in light exposure. First, the possibility of phytochrome as a photoreceptor was examined. Seedlings of Pharbitis nil grown under continuous light were transferred to 16 h darkness, and were then treated under the following conditions: no further treat- The mRNA levels for the SAMDC gene in the leaves in each lane from different light-treated seedlings was analysed by were compared by Northern blot analysis (Fig. 5) .
Northern blot analysis. rRNA was used as a control for the loading of RNA. by far-red light, and the induction was reversed by subsequent far-red light irradiation. These results indicate that phytochrome is involved in the regulation of this gene. Second, the possibility that the photoinduction of the SAMDC gene is mediated by a blue-light receptor was examined. After the dark treatment for 16 h, seedlings of Pharbitis nil were treated under following conditions: no further treatment, 2.5 min of red light (60 mmol m−2 s−1), 5 min of red light, 2.5 min of blue light (60 mmol m−2 s−1), 5 min of blue light or 2.5 min of red light followed by 2.5 min of blue light. After light treatment, the seedlings were placed in complete darkness for 30 min. (Fig. 6) . regulation of the SAMDC gene.
SAMDC expression was induced by red light but not

Circadian control of the SAMDC gene expression in leaves
Discussion
of Pharbitis nil SAMDC is a rate-limiting enzyme in the PA biosynthetic To examine whether transcription of the SAMDC gene is pathway (Slocum, 1991) , and the activity of SAMDC in regulated by a circadian clock, Pharbitis nil was grown leaves of Pharbitis nil increases after lights-on (Hirasawa under two types of dark/light cycle, 12/12 h dark/light or and Shimada, 1994; Kamachi and Hirasawa, 1995) . The 16/8 h dark/light for 6 d, and was then transferred to light response of SAMDC activity produced transient continuous light. The levels of the SAMDC mRNA were accumulation of PA, especially Spd ( Yoshida and determined at timed intervals. In both conditions, the Hirasawa, 1998) . It is also reported that the cold will levels of the mRNA for SAMDC started to increase in have an effect on SAMDC (Ndoye et al., 1994) . They the dark prior to lights-on and peaked at 1 h after lightsshowed that the circadian regulation of PA levels in on. The oscillation of SAMDC mRNA levels persisted tomato is primarily under the control of temperature and in plants shifted to continuous light, with a circadian secondarily under that of light. A previous report showed periodicity of approximately 24 h (Fig. 7) .
that the photoresponse of the SAMDC activity was regulated primarily at a transcriptional level ( Yoshida et al., 1998) . In this study, it was confirmed that the rapid expression of the SAMDC gene at lights-on after darkness was dependent on light, although the seedlings are already synchronized at the beginning of the light pulse ( Fig. 1) . In response to light, SAMDC mRNA abundance increases very rapidly and reaches a maximum at 45 min after light exposure ( Figs 1, 2) . Subsequently, transcript levels decline sharply and SAMDC mRNA is at a basal level by 5 h. Such a transient pattern is similar to that observed previously for CHS mRNA (Bowler et al., 1994) . The in Fig. 7 and discussed later. Miller and Kay (1996) observed an attenuation or gating of the acute response, the PhyB response has been reported to be red/far-red reversible (Quail et al., 1995; Furuya and Schäfer, 1996) . i.e. a rapid induction of CAB gene expression by light. The circadian clock has been reported to regulate the Recent genetic and molecular analysis suggested that in the phyB mutant, CAB expression was induced by either attenuation of light-induced CAB transcription. Rapid decrease in the SAMDC mRNA abundance after peak red or far-red light, and the induction by red light was not reversed by subsequent far-red light irradiation, accumulation was partly due to the short half-life of the mRNA, approximately 30 min ( Fig. 3B) . The short halfwhereas in the phyA mutant, CAB expression was induced by red light but not by far-red light irradiation, and the life of SAMDC mRNA indicates that the SAMDC gene is also highly regulated at the level of mRNA turnover.
induction showed red/far-red reversibility (Hamazato et al., 1997) . Based on the results summarized here, it is The relative short half-life of SAMDC mRNA is similar to those reported for CAB and RBCS mRNAs in believed that both a blue-light receptor and phytochrome, probably PhyB, are involved in the light induction of the Chlamydomonas (Hwang and Herrin, 1994) , oat PHYA3 and PHYA4 mRNAs (Higgs et al., 1995) , mRNA of SAMDC gene. Several studies have been reported ( Wehmeyer et al., 1990; Dewdney et al., 1993 ; Schäfer chloroplast-encoded elongation factor Tu (TUFA) in Chlamydomonas (Hwang et al., 1996) , and mRNA et al., 1997) that both phytochrome and blue-light receptor are involved in light regulation of genes, such as CAB, of glutamate-1-semialdehyde aminotransferase (GSA) and d-aminolevulinic acid dehydratase (ALAD) in RBCS, GAP or CHS. Recent mutant and transgenic analysis indicates that there is an independent blue-light Chlamydomonas (Matters and Beale, 1995) .
Three families of photoreceptors, phytochrome, blueregulation system for gene expression of the Arabidopsis CAB gene, apart from the phytochrome response system light receptor and UV-light receptor, are utilized to sense the different wavelengths of light in plants, and the signals ( Tilghman et al., 1997) .
There are some reports that individual members of a transduced by these receptors co-ordinately regulate the transcription of specific genes (Deng, 1994; Terzaghi and gene family are differentially regulated by a variety of differing regulatory mechanisms. The Arabidopsis CAB1 Cashmore, 1995; Arnim and Deng, 1996) . The most wellcharacterized class of photoreceptor is phytochromes, gene is regulated by both a blue-light receptor and phytochrome, while the Arabidopsis CAB2 and CAB3 which absorb primarily in the red and far-red regions of the visible spectrum. Recently, a flavin-type blue-light genes are only phytochrome-regulated (Gao and Kaufman, 1994) . At least two members of the pea CAB photoreceptor, cryptochrome (CRY ), has also been isolated by cloning an Arabidopsis gene HY4 (Ahmad gene family show a very low fluence response to a single red light pulse and response to blue light. In contrast, and Cashmore, 1993; Lin et al., 1996) . There is a report that a weak response of blue light might be due to bluetwo other CAB genes fail to produce a detectable transcript following a single pulse of either red or blue light, light excitation of phytochrome (Dedonder et al., 1993) . These results showed that blue light was effective in the but show a high irradiance response ( White et al., 1995) . Dedonder et al. (1993) demonstrated that individual expression of the SAMDC gene, whereas red light was less efficient, when the plants were exposed to equivalent members of the Arabidopsis RBCS gene family are differently regulated by light of different qualities through fluences (60 mmol m−2 s−1) of these lights (Fig. 4A) . Furthermore, these data showed that the immediate blue phytochrome or a blue-light receptor. In a previous study, it was suggested that at least 2-3 genes for SAMDC are light irradiation after the initial red light irradiation resulted in the further increase in the SAMDC mRNA present in the genome of Pharbitis nil ( Yoshida et al., 1998) . It would be of interest to determine whether the level (Fig. 6) . The induction of the SAMDC gene by blue light irradiation was not reverted by subsequent far-red specific member of the SAMDC gene family has the potential for activation by both phytochrome and a bluelight irradiation (data not shown). These results suggest that blue light is the dominant factor in the modulation light receptor or whether individual family members respond to individual photomorphogenic systems. Much of the SAMDC mRNA level, and that a blue-light receptor is involved in the light induction of the SAMDC more work will be needed to determine it. The expression of many plant genes is known to be gene. The effectiveness of green light or UV light ( Fig. 4B ) is likely to be a result of the activation of a blue-light regulated by an endogenous circadian clock, and examples of both transcriptional and post-transcriptional regulation receptor, since the light from this region spectrum contributes to the blue-light receptor (CRY1) action (Lin et al., has been shown (Anderson and Kay, 1996) . This study examined whether a circadian clock controls the transcrip-1995, 1996) . SAMDC expression was induced by red light irradiation, and this induction was reversed by subsequent tion of the Pharbitis SAMDC gene. The results show that the mRNA accumulation for SAMDC exhibits oscillafar-red light irradiation ( Fig. 5) , suggesting that PhyB, not PhyA, is probably involved in the photoregulation of tions, starting to increase at the end of the dark period and peaking 1 h in the light period in plants grown in the SAMDC expression. PhyB is known to be photostable and dominant in de-etiolated (green) seedlings, and also light/dark cycle, and that the oscillations persist in plants . and . Circadian oscillations following this Nitrate-reductase expression is under the control of a pattern are reported in the mRNA accumulation of genes circadian rhythm and is light inducible in Nicotiana tabacum encoding for CAB (Hwang and Herrin, 1994; Millar and leaves. Planta 180, 257-261. , RBCS McClung, 1993), TUFA (Hwang et al., 1996) , and a of blue and red light on expression of nuclear genes encoding subunit of Mg-chelatase (Nakayama et al., 1998 
